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Abstract
Artificial superlattices consisting of ferroelectric BaTiO3 (BTO), and conductive LaNiO3 (LNO) layers were successfully prepared
by rf magnetron sputtering with dual guns. The (0 0 1)-textured BTO and LNO layers were sequentially and coherently grown on
(0 0 1)LNO/Pt/Ti/SiO2/Si substrates. The formation of superlattice structure was confirmed from the X-ray diffraction, cross-sectional image
of transmission electron microscopy and depth profile of secondary ion mass spectrometer. An expansion of the c-axis of the BTO lattice was
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dnduced by the insertion of the LNO layers having a smaller lattice, and the expansion only slightly increases with the reduction of stacking
eriodicity of BTO layer below 12 nm. The formation of a conductive interdiffusion layer of 1.5–2.0 nm thick between the adjacent BTO and
NO layers was also found. A significant, but nearly the same extent, dielectric enhancement was achieved in the BTO/LNO superlattice with
tacking periodicity of BTO ≤ 12 nm. The temperature dependence of dielectric constant also reveals the shift-up of Curie temperature in the
trained BTO.
2004 Elsevier B.V. All rights reserved.
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. Introduction
The intense researches on ferroelectric thin films in re-
ent years are motivated by their potential applications in
arious electronic and optical devices [1–3]. Studies on the
mprovement of dielectric and ferroelectric properties of the
erovskite oxide thin films were often carried out by modu-
ating the composition of the materials, e.g. the addition of
rTiO3 into BaTiO3 to enhance the dielectric constant [4–6].
esides the above way of composition modification, the so-
alled ferroelectric superlattice, which is composed of peri-
dic layers of different ferroelectric oxides epitaxially and
lternately stacked, was also proposed [7–9]. For example,
he BaTiO3 (BTO)/SrTiO3 (STO) superlattice was fabricated
n SrTiO3 (0 0 1) single-crystal substrate and abnormally en-
anced dielectric property was found [10–15]. The dielectric
nhancement was attributed to the enlargement of c/a ratio
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of the BTO layer due to the compressive stress along the a–b
plane of BTO layers induced from the lattice mismatch of het-
eroepitaxy between BTO and STO in the superlattice, as the
lattice constant of BTO and STO are 0.3990 and 0.3905 nm,
respectively. However, in contrast, in-plane expansion stress
would be also expected in the STO layers [13], which can
lead to a reduction of the c/a ratio of STO and may cause
the decrease of its dielectric value. Since the superlattice can
be considered as the BTO and STO capacitors in series, the
effect of lattice strain on the dielectric enhancement of the
BTO layer is not clear unless the influence from the STO
layer can be eliminated. In order to do so, the (0 0 1)-textured
BaTiO3/LaNiO3 superlattice was prepared and studied in this
work, in which, similar to that of STO, the LaNiO3 (LNO)
also has a perovskite structure with a small lattice constant
of 0.3861 nm [16], and can have many ferroelectric oxides
lattice-coherently grown on it [17–19]. Moreover, it is a con-
ductive oxide rather than a dielectric, and, thus, the dielectric
property of the superlattice can be determined only from that
of the BTO layers.254-0584/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic figure of the BTO/LNO superlattice.
2. Experimental procedure
The designed superlattice structure is shown in Fig. 1 As
shown in the figure, the 270 nm-thick bottom electrode is
composed of a (0 0 1)-textured LNO electrode coated on a Pt
layer, in which the (0 0 1)-textured LNO was fabricated by rf
magnetron sputtering at 350 ◦C [20]. Two different superlat-
tice structures were designed for this study, i.e. a symmetric
one with equal layer thickness of BTO and LNO, and an
asymmetric one with varied thickness of BTO layer but a
fixed thickness of LNO layer.
The superlattice was prepared by alternate deposition
of BTO and LNO layers with different sputter gun by rf
magnetron sputtering, as illustratively shown in Fig. 2. The
BaTiO3 and LaNiO3 ceramic targets were used for the depo-
sition. The sputtering chamber was pumped down to a base
pressure of 5 × 10−5 Torr, then a mixture gas of argon and
oxygen was introduced. The total flux of gas is 15 sccm and
the Ar/O2 ratio is equal to 90/10. Sputtering was performed at
power of 60 and 100 W for BTO and LNO, respectively, under
a working pressure of 5 mTorr. The temperature of deposi-
tion was 500 ◦C. For a comparsion, a single layer of BTO
film deposited on LNO electrode under the same sputter-
ing condition was also prepared. The structure of BTO/LNO
superlattice was characterized by X-ray diffraction (XRD)
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(TEM) was used to observe the cross-sectional structure of
the superlattice. Moreover, the composition depth profile was
examined with the secondary ion mass spectrometer (SIMS).
To measure the electric properties, Pt electrodes were sput-
tered on the top of BTO/LNO superlattice. The capacitance
of the superlattice was measured at room temperature (RT) to
225 ◦C and liquid nitrogen (LN) by HP4192A LF impedance
analyzer (at 1 kHz).The relation between leakage current and
biasing voltage was also measured by HP4140B PA meter/DC
voltage source.
3. Results and discussion
Fig. 3 shows the XRD patterns of the (0 0 1)-textured
BTO/LNO symmetric superlattice having a total thickness
of 240 nm but different periodicity of layer thickness. The
formation of superlattice can be confirmed from the appear-
ance of satellite peaks beside the main diffraction peaks of the
superlattice, as well as from the results of SIMS depth profile
and cross-sectional TEM image shown in Figs. 4 and 5, re-
spectively. In the XRD pattern, only the satellite peaks at the
F
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Fig. 4. SIMS depth profile of the superlattice film with stacking periodicity
of 6/6 nm.ith Cu K radiation. The transmissiom electron microscopy
ig. 2. Schematic figure of the rf magnetron sputter system with dual guns
or superlattice preparation.ig. 3. X-ray diffraction patterns of the BTO/LNO symmetric superlattice
ith a total thickness 240 nm but different stacking periodicity.
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Fig. 5. TEM cross-section image of the BTO/LNO superlattice with stacking
periodicity of 6/6 nm.
low angle side were clearly observed, which is because the
satellite peaks at the high-angle side were overlapped with
the intense XRD peaks of the 270 nm-thick LNO electrodes.
As the angle interval of satellite peaks in the vicinity of the
main peak corresponds to the periodicity thickness of the su-
perlattice, the periodicity of BTO/LNO was evaluated from
the XRD data, and the calculated result is consistent with the
designed stacking periodicity.
It is noticed from Fig. 3 that the main peak of superlattice
gradually shifts toward lower 2θ angle with decreasing the
stacking periodicity from 60/60 to 7.5/7.5 nm. In the diffrac-
tion of the BTO/LNO superlattice, the intensity is a convolu-
tion of the constructive interference of X-ray scattering from
the BTO layer, the LNO layer and the periodical stacking of
the above two layers [21]. The interference from the BTO
layer would give a peak corresponding to the lattice spacing
of BTO with intensity proportional to the square of the num-
ber of reflection plane in the layer; so as for the LNO layer.
On the other hand, that from the periodical stacking would
yield a peak corresponding to the average lattice of the super-
lattice and weak satellite peaks corresponding to the stacking
periodicity, and the intensity is proportional to the square of
the number of stacking layers. In the (0 0 1)-textured sym-
metric superlattice of this study, the number of (0 0 1) reflec-
tion planes in the BTO layer is larger than that of stacking
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Fig. 6. X-ray diffraction patterns of the BTO/LNO asymmetric superlattice
with a total thickness 240 nm and a fixed thickness of LNO but different
thickness of BTO.
crease of intensity. In this case, the information concerning
the lattice spacing in the BTO layer is difficult to obtain. It is
also important to notice that the intensity ratio of the satellite
peak to the main peak of the superlattice was greatly reduced
for the stacking periodicity reduced down to 2/2 nm, which
indicates that the interdiffusion between the BTO and LNO
layers becomes dominant in the composition modulation of
the superlattice at this stacking periodicity [21].
Fig. 6 shows the XRD patterns of the (0 0 1)-textured
BTO/LNO asymmetric superlattice with a fixed LNO layer
thickness of 4 nm but different BTO layer thickness. A sim-
ilar diffraction pattern with satellite peaks at low angle side
was observed. There is also a small shift of the main peak
toward the low 2θ angle with decreasing the layer thickness
of BTO, indicating the increase of lattice strain on the c-axis.
The c-axis lattice parameters of the BTO layer with thickness
≥ 7.5 nm in the symmetric and asymmetric superlattices eval-
uated from the XRD patterns are shown in Fig. 7. It is noticed
that the expansion of c-axis of the BTO lattice only slightly
increases with decreasing the layer thickness below 12 nm.
F
layers for stacking periodicity ≥ 7.5/7.5 nm. Therefore, the
ain peak of superlattice having a long stacking periodicity
s contributed mainly from the BTO layer, and the low-angle
hift of the peak suggests that an expansion of BTO lattice
n c-axis was induced by the insertion of lattice-coherent
NO layers. For the stacking periodicity further decreased,
he main peak is contributed more from the average lattice
nstead of the BTO, and, as can be seen from Fig. 3, it shifts
ack to higher 2θ angle position along with a significant in-ig. 7. Lattice parameter (c-axis) of BTO lattice as a function of BTO sub-
ayer thickness.
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Fig. 8. Relative dielectric constant of BTO layer measured at 1 kHz as a
function of the BTO sublayer thickness.
Fig. 8 shows the change of dielectric constant of BTO
layer as a function of the BTO layer thickness of the super-
lattices. The value was calculated from the measured capac-
itance with the designed thickness of BTO layer. It can be
seen that the dielectric constant either at RT or LN increases
with decreasing the stacking periodicity of the BTO layer till
the superlattice was dominant by the interdiffusion layer at
periodicity≤ 2.0 nm. The enhancement of dielectric constant
is quite significant as compared to that of BTO single-layer
film which is only around k = 100.
The characteristics of current density (J) versus bias-
ing voltage of the symmetric and asymmetric BTO/LNO
superlattices measured at RT are shown in Fig. 9(a) and (b),
respectively. It was found that the leakage current of the su-
perlattice increased with the reduction of BTO periodicity
and became very conductive when the film was composed of
mainly the interdiffusion of BTO and LNO for periodicity≤
2/2 nm. It is believed that the increase of the conductivity of
BTO sublayer with the reduction of layer thickness is most
likely due to the increase of tunneling current though the thin
BTO layer.
The above results clearly show that a similar dielectric
enhancement as that of the BTO/STO superlattice with de-
creasing the stacking periodicity of BTO layer [12,13] can be
also achieved for the BTO/LNO superlattice. However, the
X
o
L
p
c
o
l
t
m
s
B
Fig. 9. Leakage current characteristic of BTO/LNO superlattice measured
at RT: (a) symmetric and (b) asymmetric.
It is interesting to see that a similar linear relation was fol-
lowed for both symmetrical and unsymmetrical superlattices
with BTO layer thickness ≤ 12 nm, either at RT or LN. All
the linear plots have nearly the same intercept at 1.5–2.0 nm,
and according to Eq. (1), this intercept gives the value of in-
terdiffusion thickness, which is consistent with that obtained
from the XRD result. On the other hand, from the slope, the
Fig. 10. Polts of dBTO/km vs. dBTO taken from the result of Fig. 8.RD result indicates the presence of an interdiffusion layer
f 1.5–2.0 nm thick, dint., at the interfaces between BTO and
NO, and the high leakage current characteristic of the su-
erlattice with periodicity ≤ 2.0/2.0 nm reveals the highly
onductive nature of the interdiffusion layer. The capacitance
f the superlattice should be related to the thickness of insu-
ative portion of the BTO layer, i.e. dBTO−dint., rather than
he designed thickness, dBTO. Therefore, the relation
dBTO
km
= dBTO
k0
− dint.
k0
(1)
ust be followed for the previously measured dielectric con-
tant, km, and the real dielectric constant, k0, of the strained
TO layer. Fig. 10 shows the plots of dBTO/km versus dBTO.
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Fig. 11. Temperature dependence of dielectric constant of various
BTO/LNO superlattices and BTO thin film.
value of k0 = 610–680 at RT and k0 = 460–500 at LN was
obtained, which indicates that the strained BTO layers have
nearly the same extent of dielectric enhancement for stacking
periodicity of BTO≤ 12 nm, independent of the construction
structure of the superlattice.
It was pointed out that the dielectric enhancement is
related to the soft-mode coupling with the c-axis expan-
sion in the average lattice of BTO/STO superlattice [12,15].
However, in this case of BTO/LNO, as mentioned previously,
the dielectric property is only determined from the BTO layer,
and the enhancement should result from the lattice strain in
the BTO layer rather than that in the average lattice. Since
the c-axis expansion of the BTO layer only slightly increases
with decreasing the stacking periodicity below 12 nm, ac-
cording to the above argument, nearly the same dielectric
enhancement is, thus, achieved.
The temperature dependence of dielectric constant shown
in Fig. 11, in which the values were corrected with the sub-
traction of interdiffusion layer from the BTO based on the
result of Fig. 10, also exhibits the particularly interesting ef-
fect of the compressive in-plane stress. The BTO film has a
nearly temperature-independent property of dielectric con-
stant up to 225 ◦C. It is probably due to the enrichment of
Ti in the BTO composition according to the result of ICP-
mass analysis, which leads the BTO thin film to paraelec-
t
b
e
s
r
p
t
t
s
w
4
(
fully fabricated on the (0 0 1) LNO/Pt/Ti/SiO2/Si substrate
by rf magnetron sputtering with dual sputter guns. The XRD,
SIMS and TEM results clearly exhibit the formation of super-
lattice with the designed composition modulation. An expan-
sion of the c-axis of BTO lattice was found with the insertion
of LNO layers in the BTO, and it only slightly increases
with decreasing the stacking periodicity for the reduction of
BTO layer thickness below 12 nm. Interdiffusion between
BTO and LNO layers with a thickness of 1.5–2.0 nm was
also found. Moreover, a significant, but nearly the same ex-
tent, dielectric enhancement was induced with decreasing the
stacking periodicity of BTO layer below 12 nm. The tem-
perature dependence of dielectric constant also reveals the
shift-up of Curie temperature in the strained BTO.
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